A recent technique, using to potentially replace the conventional impregnating one in low voltage electric motors, has been studied in this communication. The conventional technique that uses both primary and secondary insulations; i.e.: enamel and varnish, has been compared to this recent technique which only uses one component, i.e.: self-bonding wires. Self-bonding wires polymerization is very quick compared to that of the conventional technique. Environmental impact and both dielectric and mechanical properties of these two techniques have been estimated and compared. The goal is to estimate if this recent technique has not only a better environmental footprint but also good technical properties. The dielectric properties that have been measured are the dielectric strength and the lifetime under pulse voltage while mechanical consists in measuring the bonding strength that is crucial for impregnation. For that purpose, a Life Cycle Assessment (LCA) that can simultaneously evaluate numerous impacts on ground, water and air, has been performed. The results show clearly that the recent technique significantly reduces the environmental footprint. Both mechanical and dielectric properties are then compared and analyzed.
Introduction
The windings of electric motors (stators and rotors) are obtained by using enameled copper wires and a layer of organic insulating varnish. The role of this varnish is to protect the winding against moisture and pollution and to fix it on the magnetic core to avoid any friction that may cause wire damage, leading to its deielectric breakdown. Traditionally, these coils are impregnated with an impregnating varnish cured at 120˚C to 200˚C (depending on the type of varnish) for several hours to reach its full polymerization. Energetically, this coating method is expensive and generates waste: varnish residues, rags, ... In addition, the impregnating varnish has a complex formulation including a solvent mixture, a pre-polymer, cross-linking agents and multiple additives.
Depending on the chemical nature, it contains between 18% and 40% dry extracts (useful portion), the rest being the solvents or volatile organic compounds (VOCs) which maybe a risk for both human health and environment (N-methyl pyrrolidone, aliphatic and aromatic solvents such as naphtha, xylene, toluene, etc). Thus, there is about 60% of used product that evaporates and must be "normally" treated which does not preclude that a more or less significant part can be released directly into the air [1] . Moreover, the combustion of these solvents naturally emits a lot of CO 2 of which we know the environmental impact. For these reasons, both economic and ecological, an alternative solution is to wrap enameledwirespre-impregnated with varnish to form a coil. Instead of bringing the heat convection and radiation during the polymerization phase, the wires are subjected to an electric current in a given short period. However, such techniques are a challenge to meet the needs of insulation systems. To estimate the benefits and limitations of this alternative technique, different experiences will be detailed and analyzed in this communication. Two types of twisted pair of individually impregnated enameled wires (classical, self-bonding) were successively tested. First, the dielectric properties such as dielectric strength (50 Hz sine voltage-room temperature), the lifetime (square voltage 1.5 kV/15kHz −55˚C to 180˚C) and the polarization index (DC 1 kV, room temperature to 180˚C) were evaluated. Finally, relating to environmental impacts, a study based on the principle of analyzing the winding impregnationstep will be presented.
Since the last past ten years, some primary and secondary insulation products contain nanoparticles in order to resist to partial discharges occurrence. These "corona-resistant" products are chosen when machines are fed by inverters because of the risk of strong overvoltage appearance. But currently the nanoparticles toxicology is not yet integrated in environmental databases. That is the reason why this study only concerns classical materials, i.e.: polymer without nano-fillers.
Electrical Insulation Systems (EIS) of Low Voltage Motors
As in most electrical assemblies with coils, proper operation of a motor depends greatly on the quality of its Electrical InsulationSystem (EIS). and inter-turn insulation (c) [2] .
motors, this EISincludes a large number of insulating materials:firstly between thewires constituting each winding and secondly between the coil and the magnetic core of the motor. Figure 1 shows a cross section of a low voltagestator that identifies the different types of insulation. Depending on the desired insulation between phases (item a) between coil and core (item b) and between turns (item 3), the material used to achieve it will be different because the environment in which it is located (temperature, geometry, voltage) will itself be different.
Inter-Turn Insulation
Low voltage motors have usually random-round coils rathen thenform-round coils (used in high voltage motors). The insulation between the windings is ensured by polymer resins coatingwires. For LV motors, its thickness is approximatively a few tens micrometers. Industrially, enameled wires consist of several enameling varnish layers of the same or different nature which are necessary for the various functions required: adhesion to copper wire, electric strength, temperature resistance, adhesion of varnishes coating.
-There are six kinds of polymers used in primary insulation (having different thermal index) [3] : -polyvinyls used at low temperatures (<120˚C).
-polyurethanes particularly suitable for the coating of fine wires and therefore often used for low power applications (electronics, appliances, ...)-thermal index 155˚C.
-polyester-imide results from the association of imide groups on polyester structures. They achieve operating temperatures of 180˚C. 
Slot Insulation
Unlike the insulation between turns, slot base insulation (see Figure 2 ) is subjected to electrical stresses but at a lower temperature due to the heat dissipation through the metal ground. Its role is to insulate the winding from the ground (magnet core).
For that purpose, different insulating materials are used. They can be classified into three main types: discrete elements, flexible laminates and coated 864 Engineering type of material is commonly used for insulation between phases as well.
Inter-Phases Insulation
The role of the electrical insulation between phases is to avoid direct contact between different phases (see Figure 3 ). Such insulation must be electrically good, mechanically strong and thermally compatible with the other components of the insulation system. For this purpose, the materials used here are the same as those used in the slot base insulation.
Impregnating Varnish
Impregnating varnishes are deposited on the windings already inserted into the slots. The impregnation step consists in covering the winding with a varnish mixed in a solution containinga solvent or a reactive monomer. Its aim is to "weld" enamelled wires together. By infiltrating into the interstices within the coils, the coating further the dielectric properties of the insulation. It heals some defects (cracks in the enamel, micro-tears in the sheets, ...). The role of this varnish is particularbecause despite of his good electrical properties, electrical insulation is not its primary role (unless specific application where insulation is strongly used [6] ). It is rather a role of mechanical cohesion of the coil/stator cage assembly that will insure. The aim is to block the winding so that it is more resistant to the centrifugal force and vibration. The wiresare carrying current with different amplitudes and sense, that's why the forces acting on the wires by action of these currents must also be contained. In addition, the impregnating varnish also facilitates the evacuation of the heat produced by Joule effect in the wire and prevents the penetration of moisture, dust, dirt and aggressive chemicals that can reduce the enamelled wire lifetime.Varnishes commonly used are based on polyesters, epoxides or polyester-imides: -varnishes based on polyesters usually consist of a monomer or a solvent.
They are extremely reactive and easy to use. However, they are weak in mechanical strength (friability) at high temperature. The main constraints the impregnation varnishes have to withstand are the compatibility with enamel during its implementation as well asmechanical, environmental and thermal stresses during system life.
Different Coating Techniques
The various coating techniques are used depending on the implementation equipment, the type and the quantity of parts to be treated, and the desired result. They can be classified into two different categories: standard and alternative technique.
Conventional Technique
This technique consists in immersing the motor in a varnish. Then it is allowed to drain before passingthrough the so-called "polymerization" oven (120 to 
Alternative Technique
The objective of this technique is to replace the traditional windings impregnation carried out by long processes (several hours), emitting pollution (VOC) and expensive (high cost of heating energy) by a faster process with low pollution and cheaper as well. This alternative technique consists in using self-bonding wires instead of conventional enameled ones. A self-bonding wire is a classic enameled wire with an adhesive enamel overcoat. Heating or using solvent may be used to obtain the adhesive enameled wires polymerization. Once activated, the adhesive layer polymerizes the winding turn by turn to join them together. In this alternative technique, different processes may perform the polymerization: -by baking in an oven (between 5 and 30 min from 130˚C to 220˚C).
-by blowing hot air (140˚C to 230˚C).
-by induction: magnetic circuit constituting the inductor will heat the coil.
-by using a current flow in the coil. The coil is fed by a current source, and will heat by Joule's effect.
The last of these solutions is the lowest energy-consumer and has been consequently studied in our work. The amount of energy to bring to the self-bonding wire (Ri 2 .Δt) to achieve a perfect bonding between contiguous turns without damaging the thermo-adhesive layer is fixed by the manufacturer. This amount of needed energy is consequently known, and considering a given current i supplied by the current source, the application time Δt of this current can then be calculated.
Impact of the Coating Technique on the Dielectric Properties

Samples Conditioning
Samples used in this study are twisted pairs (see Figure 4 ) built from enameled copper wire following the standard NEMA MW 1000 [7] . As part of this study, two types of enameled wires (classical, self-bonding) were used. To be comparable, we have trade enameledwires that consist of the same insulating varnish. Their typical values are summarized in Table 1 .
After the preparation of twisted pairs, these are "glued" with both techniques.
Twisted pair performed by using conventional enameled wires were impregnated with the VPI techniquewith a varnish based on polyamide-imide (PAI-Rhodelftal) before baking in the oven (see Figure 5 for the baking cycle).
Twisted pairs made with self-bonding wires in this study were thus polymerized by current flow (current value and application time extracted from manufacturer data). Figure 5 . Varnish thermal cycle.
Experimental Evaluation of Electrical Properties
Measuring the dielectric strength is a destructive test. This test consists in increasing the 50 Hz sine voltage until the detection of a current flow through the sample higher than 10 mA (voltage rising rate: 500 V/s). During the experiment, the samples were immersed in an insulating liquid in order to avoid surface discharge and thus measure the "intrinsic" breakdown electric field. The experimental protocol is described in the standard ASTM D 149-97 [8] .
The lifetime tests were estimated by applying a square voltage (bipolar +/− 1.5 kV, 15 kHz) at different temperatures (−55˚C, 20˚C, 180˚C). To assess the ability of the samples to resist a surface discharge activity, these tests were performed in air. The data presented in the following section were achieved by using Weibull statistical processing with two parameters.
The adhesive strength ofthe varnish (classical or thermo-adhesive impregnation)
is generally assessed by measurement described below [9] . This measurement is performed on a contiguous turns solenoid manufactured using an enameled wire (normal or self-bonding). For conventional wire, impregnation (identical to that of the motor) is performed to maintain the windings to each other; for self-bonding wire, it is heated in the same manner as in the motor winding. A pressure is applied to the center of the solenoid supported at both ends ( Figure   6 ). When the impregnating varnish (or the self-bondingwire overlay) give away, the applied pressure value is recorded, it is the force required to break the bond between the turns provided by the varnish (or self-bonding layer).
Experimental Results
The experimental results have been compiled in the following curves ( Figures   7-9 ).
As shown by the obtained results, the twisted pairs carried out using self-bonding wires and impregnated with the alternative technique exhibit a higher breakdown voltage than those obtained with the conventional technique.
This effect can be attributed to the self-bonding polymeric overlay of highly insulating properties.
However, the lifetime under partial discharges regime (PWM power supply) is lower with the self-bonding wires. This can be explained by the fact that the discharges occur in the open cavities located between wires. Inself-bonding wires case,a lack of varnish near the discharge location will destroy much faster enamel and lead to a lower lifetime. Consequently, the self-bonding wiresarenot recommended to motor fed by invertersbecause of this risk of partial discharges occurrence.
The bonding strength measurementsthat are given in Figure 9 clearly indicate that the "cohesion" of the coil is improved with the use of self-bondingwires.
This improved cohesion, enhanced in a coil whereall thewires touch in 3 dimensions, is due to the fact that the self-bonding varnish is present everywhere on the wire. Indeed, in the conventional impregnation technique, the presence of varnish to all points of contact between turns is not guaranteed and depends 
Comparison of the Life Cycle Analysys (LCA) of the Two Impregnation Techniques
Procedure
This study is based on the principle of the life-cycleanalysis applied to both impregnation techniques. The objective is to determine which technical solution has the lowest environmental impact. The modeling of these two methods was performed from the CODDE database (11.0) of EIME software (version 4.0). The information collected is based on the impregnation of 100 windings of low-voltage motors (a few kW machines). To model the two methods we have considered: -the production of consumables related processes (welding, thinner, rags, gloves, ...). -the supply of consumables.
-water and energy consumption.
-emissions into water.
-emissions into air.
-wastes and manufacturing rejects production.
-wastes and manufacturing rejects treatment.
Only the processes were analyzed.The impact of the enameled wire (two types of wires) and impregnating varnish manufacturing are excluded from this study.
These methods can be summarized by: -Conventional and varnished enameled wires: winding, motor preheating, impregnation tank under vacuum, impregnating, emptying and draining, excess varnish removal, drying, cooling, cleaning equipment.
-Self-bonding process: winding, current flow through heating.
Both processes produce waste (soiled rags, gloves, hose reels, ...) transported to the sorting center. This waste is then either recycled or incinerated. In all cases this revaluation has not been taken into account in modeling because the impacts avoided through recycling are allocated to the product that will integrate these recycled elements; the impact of recycling are in fact taken into account in the step of manufacturing equipment.
Environmental Indicators
The software used in this sudy (EIME) allows the environmental impact on 11 indicators: -WD (Water Depletion): water consumption.
-ED (Energy Depletion): primary energy consumption.
-HWP (Hazardous Waste Production): hazardous waste.
-AA: Air Acidification.
-AT: Air Toxicity.
-GWP (Global Warming Potential): production of greenhouse gases. -POC: Photochemical Ozone Creation.
-RMD (Raw Material Depletion): consumption of raw materials or depletion of natural resources. -WE: Water Eutrophication.
-WT: Water Toxicity.
The EIME methodology integrates a weight unity for each indicator, so consider indicators as a whole, such as critical as each other. An eco-design approach requires, wherever possible, to reduce all. Each company has the ability, depending on the region or its industry, to favor certain indicators.
Processes Analysis
The two figures below (Figure 10 and Figure 11 ) represent the environmental impact according to the main steps of both winding imprgantion processes.
The CO 2 footprints of the two processes are given in Table 2 (data for only one motor).
In Table 3 are summarized the results from the modeling of both processes.
The percentages are used to compare the results of the alternative method to the conventional method by impregnation and steaming.
In order to appreciate the differences obtained, an "eco-radar" representation is given in the following figure (Figure 12 ).
Data Analysis
The process using self-bonding wires has an environmental benefits on 10 of the were reduced by 79% and 74% respectively. The greenhouse effect, toxicity of air and atmospheric acidification has been reduced from 54% to 57%. Finally, the production of hazardous waste was reduced by 25%.
Conclusion
With nearly identical dielectric performances and even higher, the windings made with self-bonding wiresrequire for their implementation the use of a less impactful technic on the environment. Indeed, ten of the eleven analyzed indicators were significantly reduced compared to traditional vacuum impregnation technique and then baking. To be truly, a comparative study should be completed by the analysis of the environmental impact of the production of two types of wires (conventional and self-bonding) and impregnating varnishes. These results are highly promising and suggest a bright future for self-bonding wiresfor their use inthe electrical insulation systems of eco-designed low voltage motors.
